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In Brief
Using atomic force microscopy, Peaucelle et al. demonstrate growth symmetry breaking to follow a cellular asymmetry in cell-wall mechanics that depends upon the bipolar distribution of pectin methylesterase activity. The authors show that symmetry breaking precedes the cortical microtubule reorientation that subsequently consolidates the growth axis.
SUMMARY
Complex shapes in biology depend on the ability of cells to shift from isotropic to anisotropic growth during development. In plants, this growth symmetry breaking reflects changes in the extensibility of the cell walls. The textbook view is that the direction of turgor-driven cell expansion depends on the cortical microtubule (CMT)-mediated orientation of cellulose microfibrils [1, 2] . Here, we show that this view is incomplete at best. We used atomic force microscopy (AFM) to study changes in cell-wall mechanics associated with growth symmetry breaking within the hypocotyl epidermis. We show that, first, growth symmetry breaking is preceded by an asymmetric loosening of longitudinal, as compared to transverse, anticlinal walls, in the absence of a change in CMT orientation. Second, this wall loosening is triggered by the selective de-methylesterification of cell-wall pectin in longitudinal walls, and, third, the resultant mechanical asymmetry is required for the growth symmetry breaking. Indeed, preventing or promoting pectin de-methylesterification, respectively, increased or decreased the stiffness of all the cell walls, but in both cases reduced the growth anisotropy. Finally, we show that the subsequent CMT reorientation contributes to the consolidation of the growth axis but is not required for the growth symmetry breaking. We conclude that growth symmetry breaking is controlled at a cellular scale by bipolar pectin de-methylesterification, rather than by the cellulose-dependent mechanical anisotropy of the cell walls themselves. Such a cell asymmetry-driven mechanism is comparable to that underlying tip growth in plants [3] but also anisotropic cell growth in animal cells [4] .
RESULTS

Developmentally Controlled Growth Symmetry Breaking in Dark-Grown Hypocotyl Cells
We studied growth symmetry breaking in epidermal cells of dark-grown hypocotyls. The growth rate of this organ was low for the first 15 hr after germination, showed an exponential increase from 15 to 25 hr, and leveled off to a constant rate of around 3 mm/day for the rest of the monitoring period [5] ( Figure S1A ). During the first 15 hr, epidermal cells expanded isotropically at a constant rate of around 9 mm/day (Figures S1B and S1C). After 15 hr, cell expansion became anisotropic following a wave-like pattern starting from the base of the hypocotyl (Figures S1B and S1C) as shown by the evolution of the aspect ratios (width over length) of the cells ( Figure S1D ).
Measuring Cell-Wall Stiffness in Hypocotyl Epidermis
Cells using AFM Using a previously established AFM-based indentation technique [6, 7] , we measured the stiffness of the anticlinal (i.e., perpendicular to the organ surface) epidermal walls of plasmolysed cells 19 hr after germination (Figure 1 ). An apparent Young's modulus was calculated for transverse and longitudinal cell walls [7] . The smaller symmetric cells at the top of the hypocotyl showed comparable values for both types of walls. Interestingly, for the more elongated cells further down the hypocotyl, the stiffness of the transverse walls was comparable to that of the walls of the smaller symmetric cells, whereas the stiffness of the longitudinal walls was significantly lower (Figure 1 ). This difference was unlikely to be an artifact of the AFM method as discussed in the Supplemental Experimental Procedures. Together, we conclude that anisotropic growth correlated with the selective loosening of the longitudinal walls. In what follows, we will refer to this differential cell-wall stiffness as the mechanical asymmetry of the cell.
Mechanical Asymmetry Precedes Growth Anisotropy
To investigate the temporal relationship between the appearance of mechanical asymmetry and the growth symmetry breaking, we measured, for 417 epidermal cells in 14 hypocotyls at different growth stages, mechanical asymmetry and aspect ratio ( Figure 2A ) and transformed these quantitative measures into a qualitative format for visualization ( Figures 1B, 2B , S2A, S2B, and S2E; see Supplemental Experimental Procedures for thresholds adopted to distinguish symmetry from asymmetry). As expected, almost all (248 out of 259 cells, 95.8%) of the geometrically asymmetric cells (marked with a bar in Figures  1B, 2B , S2A, S2B, and S2E) also showed mechanical asymmetry (gray cells). The exceptions (mechanically symmetric (white) and geometrically asymmetric (bar) cells) were found primarily (seven out of 11) in very small cells in 9-hr-old hypocotyls and most likely reflect errors in the assignment to one of the categories due to the choice of the threshold. In contrast, among the small symmetric cells (marked with a dot), a significant number (63 out of 158) were mechanically asymmetric (gray), and most of these cells were close to the wavefront between geometrically symmetric and asymmetric cells. We conclude that the appearance of mechanical asymmetry preceded growth symmetry breaking.
To further confirm this temporal relationship, we investigated a complex but highly reproducible gravitropic growth pattern that occurred when germinating seeds were oriented with their embryonic root pointed upward ( Figures S2B-S2F ). Zones within the hypocotyl, in which cells were predicted to have high or low mechanical asymmetry based upon the growth pattern, were indeed experimentally validated for 237 cells in nine hypocotyls (see Figures S2B-S2F for a detailed description). Together, these observations confirmed that mechanical asymmetry predicted growth anisotropy.
Asymmetric Pectin De-methylesterification Triggers Mechanical and Growth Symmetry Breaking
The pectic polysaccharide homogalacturonan (HG) is a major component of the walls of growing cells [8] . HG is secreted in a highly methylesterified form and selectively de-methylesterified in the cell wall by pectin methylesterases (PME), the activity of which is regulated by endogenous proteinaceous PME inhibitors (PMEI) [9] . We previously showed that pectin de-methylesterification, at least in the shoot apical meristem, triggers cell-wall loosening and organ formation [6, 10] . To investigate whether a similar process also underlies the establishment of the mechanical asymmetry in the hypocotyl, we first quantified low degree of methylesterification (DM) HG in the cell walls of the epidermal cells using the 2F4 antibody, which specifically recognizes Ca 2+ -crosslinked low DM HG [11] . Whereas no above-background labeling was observed in the majority of the small symmetric cells of 9-hr-old hypocotyls ( Figure S3B ), we indeed observed accumulation of low DM HG preferentially in longitudinal walls in older cells ( Figures 3A and 3J ). To investigate the causality between pectin de-methylesterification, wall stiffness, and extensibility, we manipulated the de-methylesterification of HG through the inducible overexpression of the pectin methylesterase 5 (PME5oe) or the PME inhibitor 3 (PMEI3oe) as previously described [6] . As expected, in PME5oe and PMEI3oe the 2F4 labeling was significantly increased or reduced, respectively, and in both cases the asymmetry in labeling was lost (Figures 3A-3C and 3J). In addition, in PME5oe and PMEI3oe, the overall stiffness of the cell walls was reduced and increased respectively and in both cases the mechanical asymmetry was abolished (Figures 3D-3F, 3K , and S3A). This corroborates our previous observations on the shoot apical meristem showing a correlation between degree of pectin methylesterification and wall stiffness [6] . Finally, PME5oe and PMEI3oe cells were wider and shorter respectively as compared to WT cells at similar growth stages, and, consistent with their lack of mechanical asymmetry, they both had reduced (PME5oe) or no (PMEI3oe) growth asymmetry ( Figure 3L and S3A). Together these results show that, first, asymmetric pectin de-methylesterification triggered the process leading to the mechanical asymmetry and, second, growth symmetry breaking depended upon the mechanical asymmetry of the cell independently from the actual stiffness of the walls. Since plant cells are glued together within an organ, it is formally possible that the growth symmetry breaking of epidermal cells reflects changes in the walls of deeper cell layers and resulting tissue stresses rather than the mechanical differences observed in the epidermal cell walls [12] . To investigate this, we monitored the growth of epidermal cell-wall domains that became exposed after separation of the cells through incision within the imbibed seed. We reasoned that if the mechanical asymmetry of the epidermal cells indeed dictates their growth asymmetry, exposed cell-wall domains that correspond to longitudinal and transverse walls, respectively, would differentially expand leading to crown-shaped lobed structures ( Figure 3G ). Instead, in cells without mechanical asymmetry one would observe a homogeneous bulging of the exposed end ( Figures  3H and 3I ). We first ascertained that the incision itself did not interfere too strongly with cell growth. Interestingly, time-lapse imaging (Movie S3) showed that neither hypocotyl elongation nor the growth gradient was perturbed suggesting that the incision in the imbibed embryo itself did not induce significant changes in cell-wall properties. Interestingly, exposed epidermal cell ends of control hypocotyls showed the predicted crown-shaped structures indicating differentially growing longitudinal and transverse cell-wall domains ( Figure 3G ). In addition, suppressing the mechanical asymmetry by PME5oe or PMEI3oe ( Figures 3H and  3I ) or light (data not shown) abolished differential extensibility as shown by the absence of lobed cell ends. The results confirm that the observed differences in wall stiffness indeed reflected differences in extensibility underlying the growth asymmetry. Figure S2T . Control ''WT 9h'' cell in (H) is a mechanically symmetric cell chosen in a hypocotyl 9 hr after germination. ''C1-C5'' refer to the cells in (C)-(E). All the cells present a significant mechanical asymmetry. Scale bars, 50 mm. Error bars, SD, ***t test p < 0.0001. *t test p < 0.01. minant for anisotropic cell expansion [2, 12] . Cortical microtubules (CMTs) guide the cellulose synthase complexes and thus control the orientation of the cellulose microfibrils [13] . In young symmetrically growing cells, CMT arrays do not show a preferential orientation but undergo rotary movements [14, 15] . CMTs subsequently adopt a transverse orientation with respect to the elongation axis at the internal periclinal face of the cell around the onset of rapid elongation and later on at the external periclinal face [14, 16] . It is therefore possible that the observed decrease in stiffness of the longitudinal walls somehow reflected a change in the cellulose deposition pattern. We therefore investigated the temporal relationship between the orientation of CMTs (visualized in living cells that express the Yellow Fluorescent Protein [YFP] fused to a microtubule binding domain, specifically in epidermis cells [17, 18] ) and the appearance of mechanical asymmetry. Consistent with previous observations [14] , more elongated control cells showed ( Figure S2T ) overall transversely oriented CMTs at the inner periclinal face (red bars) and more obliquely oriented CMTs at the outer periclinal face (gray bars) ( Figures 2F and 2G ). In addition, smaller cells within or just below the apical hook had not yet reoriented their CMT arrays to a stable transverse orientation for either outer and inner periclinal faces as shown by the variable average CMT angles (0 is parallel to the elongation axis) between cells shown in Figures 2C-2E; Figures S2G-S2S, S2U , and S2V and lower CMT anisotropy ratios (see Supplemental Experimental
s modulus (E A ) of transverse (black bars) and longitudinal (white bars) anticlinal cell walls (H). Control cell in (F) and (G) is the more elongated cell in
Procedures for a definition of this parameter). Nevertheless, all of these smaller cells already displayed a mechanical asymmetry (Figures 2C-2E; Figures S2G-S2S and S2W) , indicating that the D) ; the PMEI3 overexpression line (PMEI3oe) (B and E) and the PME5 overexpression line (PME5oe) (C and F). n = 32 (wild-type), n = 12 (PMEI3oe), and n = 31 (PME5oe). Cell autonomous effect of mechanical asymmetry on growth asymmetry (G-I): view of representative calcofluor-stained cells (between third and tenth cell starting from the collet measured 21-24 hr after germination) straddling the incision in the hypocotyl wild-type (G), PMEI3oe (H), and PME5oe (I). Arrows point to cell ends that are lobed in (G) and rounded in (H) and (I). Insets depict the expected outgrowth patterns of the cell ends in mechanically asymmetric (G) and symmetric (H and I) cells. For fluorescence quantification 0 corresponds to autofluorescence of the cell wall and 100 to a strongly labeled wall of internal cell layers of the hypocotyl. ***t test p < 0.0001. Scale bars, 10 mm mechanical asymmetry emerged before the CMTs had adopted a stable transverse orientation. In addition, in line with the observations on the CMTs, we also observed no preferential transverse orientation for the Green Fluorescent Protein-Cellulose Synthase A (GFP-CESA)3-tagged cellulose synthase tracks at the outer periclinal surface of small but mechanically asymmetric cells ( Figure S2S ). To confirm the absence of a role for CMT reorientation in the growth symmetry breaking, we analyzed a katanin loss-of-function mutant (bot1-7), which is impaired in its ability to reorient the CMT arrays ( Figures 4C and 4D and [19, 20] ). Interestingly, mutant cells still underwent normal mechanical and growth asymmetry breaking ( Figures 4A, 4B , and 4E; Figure S3A ; Movie S4) but, in contrast to the wild-type in which no further radial expansion occurred, they subsequently continued to expand in the radial direction ( Figure S3C ) [19] . This suggests that the katanin-mediated reorientation of the CMT arrays is required to consolidate the growth axis after the initial growth symmetry breaking. We conclude that the acquisition of growth anisotropy in the hypocotyl epidermis is a two-stage process: the growth symmetry breaking as a result of the mechanical asymmetry triggered by the selective pectin de-methylesterification and loosening of the longitudinal anticlinal cell walls, followed by the consolidation of the growth axis as a result of the reorientation of CMT arrays and cellulose deposition patterns to a transverse orientation.
DISCUSSION
In this study, we asked the question, what controls the shift from isotropic to anisotropic cell expansion? The current, widely accepted view makes a distinction between diffuse global growth, as observed in the hypocotyl epidermis, and local differential growth as seen for instance in pollen tubes (in this context also referred to as tip growth) and in a variety of cell types that combine both growth modes [21] . In the case of the pollen tube, the shape of the tube is thought to be the result of the coupling between cell-wall deposition around the tip of the cell and mechanical deformation [3, 22] . In contrast, the control of the growth direction of diffusely growing cells is generally considered to reflect the anisotropy of the cell-wall material, critically controlled by the deposition pattern of microfibrils, which, with their high tensile strength, are expected to favor cell-wall expansion in a direction perpendicular to their orientation [12, 23] . Here, we carefully measured changes in cell-wall mechanics during growth symmetry breaking in the hypocotyl epidermis and provided evidence that this process is controlled at the scale of the cell rather than that of the individual cell walls and independently from the microtubule/microfibril orientation. We also propose a mechanism for the triggering of the selective loosening of the longitudinal walls through the bipolar distribution of PME activity. These results show that the dichotomy between diffuse and local differential growth, as far as growth symmetry breaking is concerned, is artificial, since both systems are based on the selective changes in the extensibility of distinct cell-wall domains and not on the mechanical anisotropy of the cell walls themselves. It is interesting to note that a similar mechanism also underlies growth asymmetry in animal cells [24] [25] [26] .
This study confirms previous observations on the apical meristem showing that pectin de-methylesterification can trigger the process leading to cell-wall loosening [6] . It remains to be seen whether low DM pectate promotes wall compliance directly as (G) Schematic representation of cellular events during growth symmetry breaking in the dark-grown hypocotyl. Upon germination, wild-type (two left columns) hypocotyl epidermal cells are initially mechanically and geometrically symmetric; next, longitudinal walls selectively undergo a reduction in stiffness (orange walls turn into blue) as a result of local pectin de-methylesterification activity, thus creating a mechanical asymmetry, which triggers the growth symmetry breaking. This occurs while CMTs, and hence cellulose synthase tracks, lack a preferential orientation both at the outer and inner periclinal face of the epidermis. Next, CMTs do reorient to a transverse orientation, first at the internal (column 2), later at the external face (column 1) of the cell, but only after anisotropic growth has been initiated and hence these events are not the cause of the symmetry breaking. The katanin mutant bot1-7 (two right columns) fails to reorient its CMTs but still shows the mechanical and growth symmetry breaking. Later on, however, mutant hypocotyl cells, in contrast to wild-type cells, continue to expand radially. Together, the results indicate that the microtubule reorientation is required for the consolidation of the growth axis but not for the growth symmetry breaking.
described for instance in Chara corallina [27, 28] or indirectly for instance through an effect on auxin transport [29] The results led us to propose that acquisition of growth anisotropy in the hypocotyl epidermis is a two-step process (Figure 4G) : the cells first go through a slow, isotropic growth phase during which the longitudinal and transverse anticlinal walls show a comparable stiffness; next, longitudinal walls are selectively loosened (orange walls turn blue in Figure 4G ), thus creating a mechanical asymmetry. As a result, cells undergo a transition to anisotropic cell expansion. The symmetry breaking occurs while CMTs, and hence cellulose synthase tracks, lack a preferential orientation both at the outer and inner periclinal face of the epidermis. CMTs do adopt a transverse orientation, first at the internal, later at the external face of the cell, but only after anisotropic growth has been initiated, and hence this event is not the cause of the symmetry breaking. CMT reorientation might be triggered, through a feedback mechanism, by a change in mechanical stress patterns associated with the growth changes as observed in other systems [20, 30] and contributes to the consolidation of the growth axis through the reorientation of cellulose deposition patterns. Indeed, in the absence of this microtubule reorientation in the katanin mutant bot1-7 (Figure 4G , right panels), cells still showed the breaking of mechanical and growth symmetry but subsequently continued to expand radially.
It should be noted that growth symmetry breaking through selective loosening of longitudinal walls can work as such only in the context of a tissue. Indeed, in an isolated cell this process in the absence of transversely oriented microfibrils would simply cause the longitudinal walls to bulge. It remains possible, however, that also in isolated cells, the same mechanism underlies growth symmetry breaking but that there is a more rapid coupling between the selective wall loosening and the microtubule reorientation.
Finally, the advantage of a growth symmetry breaking mechanism based on the asymmetric delivery of wall loosening (or stiffening) agents, rather than on the intrinsic mechanical anisotropy of the cell wall is that it allows for rapid responses to external cues (e.g., the tropic responses shown in Figures  S2B-S2F ) and lacks memory effects and thus permits reversibility at least before consolidation of the growth axis by oriented cellulose deposition. The next goal will be to determine what controls the timing and the bipolar distribution of the PME activity.
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